Background Approximately 80% of patients with osteosarcoma harbor subclinical pulmonary micrometastases at diagnosis. Conventional chemotherapy includes methotrexate, doxorubicin, and cisplatin (MAP); however, this regimen and thus overall survival (60%-70%) have remained largely unchanged for 30 years. It therefore is necessary to identify novel therapeutics targeting the metastatic progression of osteosarcoma.
Questions/purposes This laboratory study explored application of osteosarcoma spheroids (sarcospheres) for drug screening with the following purposes: (1) to characterize sarcosphere size; (2) to establish accurate measurement of sarcosphere growth; (3) to confirm sarcosphere uniformity; and (4) to apply the platform to evaluate MAP chemotherapy. Methods Sarcospheres were first characterized to establish accurate measurement of sarcosphere growth and uniform production. The refined platform then was applied to evaluate MAP chemotherapy to validate its use in drug screening. Sarcospheres were generated from highly metastatic human cell lines (143B, MG-63.3, and LM7) by centrifugation to form three-dimensional aggregates modeling micrometastases. Sarcospheres were matured for 24 hours and then incubated with or without drug from Days 0 to 2. Size was assessed by diameter and volume using brightfield microscopy. Growth was measured by volume and resazurin reduction in viable cells. Sarcosphere uniformity was assessed by diameter and resazurin reduction at Day 0 and the Z' factor, a measure of assay suitability for high-throughput screening, was calculated at Day 2. Sarcospheres were treated with individual MAP agents (0 to 1000 mmol/L) to determine concentrations at which 50% of growth from Days 0 to 2 was inhibited (GIC 50 ). Cell lines resistant to MAP in sarcospheres were treated in monolayer for comparison. Results Sarcosphere diameter and growth from Days 0 to 2 were quantitatively dependent on the number of cells seeded and the cell line used. Accurate measurement of growth occurred after resazurin incubation for 6 hours, without EDTA-mediated permeabilization, and was correlated with the number of cells seeded and sarcosphere volume for 143B (Spearman's r: 0.98; p < 0.001), One or more of the authors has received funding from the Orthopaedic Research Education Fund Resident Clinician Scientist Training Grant OREF-RCSTG (CDC), the Dudley P. Allen Fellowship (CDC, WZM), the Harry E. Figgie III MD Professorship (EMG), and National Institutes of Health R21CA209304 (GJK, PJG, EMG). All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research ® editors and board members are on file with the publication and can be viewed on request. Clinical Orthopaedics and Related Research ® neither advocates nor endorses the use of any treatment, drug, or device. Readers are encouraged to always seek additional information, including FDA approval status, of any drug or device before clinical use.
Introduction
Osteosarcoma accounts for the majority of deaths from bone tumors, which are the third most-common cause of cancerrelated death in children and young adults [19, 31] . Before the 1960s, the 5-year overall survival rate for osteosarcoma was approximately 20% despite amputation of the extremity with a primary tumor. Investigators at the time concluded that subclinical micrometastases were present in the majority of patients at diagnosis and were responsible for late recurrence and death [6, 14, 15] . Osteosarcoma has since been considered a systemic disease regardless of whether metastases are detectable at presentation, and adjuvant chemotherapy has become the standard of care. Multiple clinical trials in the 1970s to 1980s identified the combination of methotrexate, doxorubicin, and cisplatin (MAP) to be highly effective against osteosarcoma [19, 22] . Overall survival rates improved to 60% to 70% by the mid-1980s. However, the available chemotherapeutic options and thus survival have not changed substantially for 30 years [1] . Novel therapeutics therefore are needed to target the progression of drug-resistant metastases in osteosarcoma.
Osteosarcoma presents a unique challenge to the existing drug discovery infrastructure because of prohibitive costs of developing new agents and the relative scarcity of patients available for clinical trials. A 2014 meeting of osteosarcoma experts called for candidate drugs to be rigorously evaluated in preclinical micrometastatic models to prioritize agents with activity against the progression of established metastases, the lethal disease process [16] . Three-dimensional (3-D) multicellular tumor spheroids have been used for more than 40 years in cancer research as an intermediate between monolayer culture and in vivo studies. Three-dimensional spheroids are produced by various in vitro methods, including continuous agitation of a cell suspension or cellular aggregation by sedimentation through centrifugation, a hanging droplet, or microfluidics to restore the histomorphologic, functional, and microenvironmental features of in vivo human tumor tissue [11] . Numerous studies have detailed the ability of spheroids to establish cell-cell interactions, cell-matrix interactions, diffusion gradients, growth kinetics, and genetic profiles that closely mimic corresponding microtumors in vivo [5, 8, 10, 11, 18, 21] . Not surprisingly, spheroids show chemoresistance and better correlate with the in vivo response to chemotherapy when compared with monolayer cultures [2, 10, 11, 18, 27] . These characteristics, combined with ease of production and high degree of uniformity through a centrifugation-based method, make spheroids a promising assay for preclinical drug screening in osteosarcoma.
This laboratory study evaluated application of osteosarcoma spheroids (sarcospheres) for drug screening to develop a high-yield assay to identify novel therapeutics. Specific purposes of this study were: (1) to characterize sarcosphere size in multiple highly metastatic human osteosarcoma cell lines; (2) to establish accurate measurement of sarcosphere growth; (3) to verify intra-and interexperimental uniformity; and (4) to apply this platform to conventional methotrexate, doxorubicin, and cisplatin (MAP) chemotherapy to identify variability in chemoresistance across multiple cell lines.
Materials and Methods

Experimental Overview
Sarcospheres were first characterized to establish accurate measurement of sarcosphere growth and uniform production before application to evaluate MAP chemotherapy (Fig. 1) . To address the first purpose of the study, to characterize sarcosphere size, sarcospheres were seeded at various densities followed by quantitative measurement of sarcosphere diameter and volume. To address the second purpose of the study, to accurately measure sarcosphere growth, resazurin reduction was quantitatively assessed, with and without EDTA, with time and compared with sarcosphere volume to identify conditions that accurately reflect growth. The third purpose of the study, to confirm sarcosphere uniformity, was addressed by quantitatively measuring diameter and resazurin reduction at treatment Volume 476, Number 7 Osteosarcoma Drug Screening Platform 1401
Day 0 and the Z' factor, a measure of assay suitability for high-throughput screening, at treatment Day 2. The refined platform then was applied to evaluate MAP chemotherapy, the fourth purpose of this study, to validate its future use in drug screening. Sarcospheres were treated with individual MAP agents (0 to 1000 mmol/L) to quantitatively determine concentrations at which 50% of growth from Days 0 to 2 was inhibited (GIC 50 ). Qualitative analysis of sarcosphere response to MAP was assessed by fluorescent staining for live, dead, and apoptotic cells. Cell lines resistant to MAP in sarcospheres were treated in monolayer for comparison. Future studies will apply this platform to screen drugs in osteosarcoma before in vivo evaluation.
Cell Culture
Cultures were maintained for three highly metastatic osteosarcoma cell lines. The 143B cell line [23] , from the parental HOS-TE85 cell line, was obtained from the American Type Culture Collection (Manassas, VA, USA). The MG-63.3 cell line [17] , from the parental MG-63 cell line, was obtained from the laboratory of C. Khanna DVM, PhD (National Cancer Institute, Bethesda, MD, USA). The LM7 cell line [4] , from the parental SaOS-2 cell line, was obtained from the laboratory of E. S. Kleinerman MD (MD Anderson Cancer Center, Houston, TX, USA). Cells were maintained after receipt in liquid nitrogen. All experiments were performed on cells passed five to 10 times after resuscitation from liquid nitrogen and negative for Mycoplasma contamination within 6 months. Unless otherwise specified, all cell cultures contained minimum essential media supplemented with 10% fetal bovine serum, nonessential amino acids, sodium pyruvate, and penicillin-streptomycin and were maintained at 37°C in a humidified 5% CO 2 environment.
Chemotherapeutics
Methotrexate, doxorubicin, and cisplatin were obtained from Tocris Biosciences (Bristol, UK) in solid form. Methotrexate was solubilized in Dulbecco's phosphate-buffered saline (DPBS) after dropwise addition of sodium hydroxide with frequent warming and vortex; final pH was adjusted to 7.4 with hydrochloric acid as needed [26] . Doxorubicin was solubilized in water [25] . Cisplatin was solubilized in DPBS [24] . All stock solutions were sterile-filtered and stored (methotrexate: 50 mmol/L at -20°C; doxorubicin: 5 mmol/L at -4°C; cisplatin: 5 mmol/L at -20°C). Experimental concentrations were obtained by serial dilution from stock solutions.
Sarcosphere Generation
Sarcospheres were generated using a modified technique described for epithelial cancers [13] . Each well of a 96-well, round-bottomed plate was coated with 50 mL of 0.5% poly 2-hydroxyethyl methacrylate (poly-HEMA) (Polysciences Inc, Warrington, PA, USA), dissolved in 100% ethanol, and incubated at 37°C for 3 days before use to obtain a nonadherent surface. Cells cultured in monolayer were lifted with Accutase ® (EMD Millipore, Billerica, MA, USA) and resuspended in media followed by serial dilution. Wells were plated with the desired number of cells in 100 mL of media supplemented with 2.5% Matrigel ® (Corning Inc, Corning, NY, USA). Peripheral wells were filled with 200 mL of DPBS to minimize edge effects-variability attributable to evaporative losses at the periphery of the plate. A minimum of three wells on each plate contained media and Matrigel alone to provide background values. Plates were centrifuged at 1000 g for 10 minutes at 4°C and then incubated at 37°C, 5% CO 2 . Sarcospheres were matured for 24 hours before chemotherapeutic treatments on Day 0, which were added directly to individual wells in 100 mL of media, and incubated for 48 hours before analysis on Day 2 (Fig. 2 A) . For all experiments, one plate was analyzed before treatment on Day 0 for comparison. Except in initial experiments characterizing size, where sarcospheres were seeded with a range of cell numbers, sarcospheres were plated at a density that provided a Day 0-diameter of approximately 400 mm 2500 cells (143B), 1000 cells (MG-63.3), and 8000 cells (LM7).
Monolayer Generation
Monolayer cultures for chemotherapy experiments were generated after cells were plated on 96-well, flat-bottomed plates at near confluence in 100 mL of media. Peripheral wells were filled with 200 mL of DPBS to minimize edge effects, and a minimum of three wells contained media alone to provide background values. Plates then were incubated, treated with chemotherapeutics, and analyzed as described for sarcospheres.
Resazurin Reduction Assay
Sarcosphere and monolayer viability was assessed by resazurin reduction, a chemical reaction that occurs only in mitochondria of viable cells. Twenty microliters of alamarBlue ® (Invitrogen, Carlsbad, CA, USA) were added to each well containing 200 mL of media. Except in initial experiments characterizing resazurin incubation time, where sarcospheres were incubated and measured at hourly intervals from 0 to 24 hours, incubation at 37°C was continued for 6 hours. Fluorescence readings were obtained at excitation and emission wavelengths of 535 nm and 590 nm, respectively (Tecan Genios Pro, Mannedorf, Switzerland). The average fluorescence of acellular background wells was subtracted from individual control and treatment wells.
Measurement of Sarcosphere Volume
Sarcosphere diameter and volume were assessed by direct imaging. Brightfield images of each sarcosphere were obtained using an inverted microscope with a x10 objective (Leica DMI 6000; Leica Microsystems, Wetzlar, Germany). The scale of images was determined using a calibration slide. Images were analyzed using the open-source software Image J Fiji (National Institutes of Health, Bethesda, MD, USA) and a macro to automate the process as previously described [12] .
EDTA Permeabilization
Resazurin penetration into sarcospheres was assessed as previously described in epithelial spheroids, where EDTA Volume 476, Number 7 Osteosarcoma Drug Screening Platform 1403
was required for permeabilization [32] . EDTA was added to culture media on Day 0 and Day 2 to yield a final concentration of 5 mmol/L and incubated for 45 minutes before analysis through the resazurin reduction assay. Fluorescence readings were obtained at regular times with and without EDTA treatment for comparison.
Fluorescence
Sarcospheres were observed on Day 2 after treatment by fluorescence microscopy with Ready Probes TM (Molecular Probes, Eugene, OR, USA). Sixteen microliters of each reagent were added directly to individual wells and incubated for 2 hours before imaging. Live cells were stained with a Hoechst ® 33342 (Molecular Probes) and observed with a 4',6-diamidino-2-phenylindole (DAPI) filter (excision/emission: 360 nm/460 nm). Dead cells were stained with propidium iodide (Molecular Probes) and observed with a red fluorescent protein filter (535 nm/617 nm). Apoptotic activity was assessed using CellEvent ® Caspase-3/7 Green (Molecular Probes) and observed with a fluorescein isothiocyanate filter (502 nm/530 nm). Images were obtained using standard settings for each marker across treatment conditions with an inverted microscope and a x10 objective (Leica DMI 6000). Images shown are representative of two independent experiments, each with three sarcospheres per group. Positive controls for apoptotic activity were treated with staurosporine (1 mmol/L) in 0.1% dimethyl sulfoxide [32] .
Statistical Analysis
Unless otherwise mentioned, all quantitative data are presented as the mean of a minimum of three independent experiments. Each experiment included a minimum of three sarcospheres per group. Error bars represent SD and data are presented as mean 6 SD. Spearman's r values were calculated to determine the correlation between resazurin reduction and volume with significance set at a probability less than 0.05 using a two-tailed test. Z9 factors, a measure of assay suitability for high-throughput screening used to assess assay signal dynamic range and variability, were produced for a minimum of three independent experiments for each cell line as described [34] . Sarcosphere growth after chemotherapy was calculated as described by Shoemaker [30] . Mean chemotherapy concentration-response curves were fit using a threeparameter logistic model, from which the drug concentrations at which 50% of growth from Days 0 to 2 is inhibited (GIC 50 ), were determined after interpolation and compared using Student's t test. All curve-fitting, interpolation, and statistics were generated using Prism 7 (GraphPad, La Jolla, CA, USA).
Results
Sarcosphere Size Is Dependent on Cell Line and Number of Cells Seeded
Therapeutically relevant sarcosphere diameters of 300 to 500 mm were achieved on Day 0 for 143B, MG-63.3, and LM7 cell lines at 2500 (diameter: 398 6 15 mm; 95% CI, 398-434 mm), 1000 (392 6 11 mm; 95% CI, 364-420 mm), and 8000 (410 6 10 mm; 95% CI, 384-436 mm) cells seeded, respectively (Fig. 2 B) . Sarcosphere growth by volume was quantitatively cell line-dependent and greater for small sarcospheres (Fig. 2 C) . 143B cells showed the greatest change in volume from Days 0 to 2 (610% 6 186% [95% CI, 149%-1073%] to 137% 6 7% [95% CI, 121%-153%] for 500 and 10,000 cells seeded, respectively). In contrast, LM7 sarcosphere volume changed minimally (12% 6 7% [95% CI, 
Accurate Measurement of Sarcosphere Growth
Measurement of resazurin reduction with time showed that 6 hours after addition provided the highest signal-to-noise ratio in the linear range of the assay at Days 0 and 2 for 143B, MG-63.3, and LM7 cell lines (143B [Fig. 3] ; MG-63.3 and LM7 not shown). The addition of EDTA did not affect resazurin reduction at times up to 6 hours and was cytotoxic at longer times (143B [Fig. 3] ; MG-63.3 and LM7 not shown). Resazurin reduction and volume were related to the number of cells seeded and correlated with each other for 143B ( Fig. 4 ; Spearman's r: 0.98; p < 0.001), MG-63.3 (0.99; p < 0.001), and LM7 (0.98; p < 0.001).
Sarcosphere Uniformity Is Compatible With Drug Screening
Untreated sarcospheres showed uniform diameter and resazurin reduction on Day 0 across multiple experiments (Fig. 5) . Mean Z9 factors on Day 2 for resazurin reduction and volume were greater than 0.5 for all cell lines (Table 1) .
Response to MAP Therapy Is Dependent on Cell Line and Culture Model
Concentration-response curves depicting sarcosphere growth by resazurin reduction and volume were generated after MAP therapy (Fig. 6) . MG-63. Fluorescent imaging of live, dead, and apoptotic cell populations showed by qualitative analysis a cell linedependent response to chemotherapeutic treatment at the GIC 50 . Staurosporine, a potent inducer of apoptosis, served as a positive control and showed that LM7 and 143B sarcospheres undergo apoptosis effectively. Qualitatively, cisplatin treatment induced the greatest apoptotic and dead cell staining in LM7 sarcospheres (Fig. 7) , whereas doxorubicin treatment showed the most apoptotic and dead cell staining in 143B sarcospheres (Fig. 8) . Methotrexate induced the least apoptotic and dead cell staining in both cell lines.
MG-63.3 monolayers showed nearly 10,000-fold greater sensitivity to methotrexate (Fig. 9 A; GIC 50 by resazurin reduction: 0.01 6 0.01 mmol/L; 95% CI, 0.002-0.02 mmol/L) compared with relatively resistant MG-63.3 sarcospheres (88 6 36 mmol/L; 95% CI, 24-279 mmol/L; p < 0.001). LM7 monolayers and sarcospheres were highly resistant to methotrexate ( Fig. 9 B, GIC 50 not reached for LM7 monolayers).
Discussion
Osteosarcoma survivorship has plateaued during the past 30 years, demanding continued pursuit of novel Volume 476, Number 7 Osteosarcoma Drug Screening Platform 1405 therapeutics to improve patient outcomes [1] . A major barrier to inquiry in this context is the inadequacy of current in vitro models to capture the complexity of the micrometastatic environment in osteosarcoma; and as a result, many promising in vitro drugs fail to show in vivo efficacy [16] . We evaluated sarcospheres to develop a micrometastatic platform to identify novel therapeutics in osteosarcoma. The platform was characterized in multiple cell lines to meet conventional drug screening benchmarks.
It then was applied to evaluate conventional MAP therapy, which highlighted heterogeneity across multiple cell lines. A limitation of this study is that the sarcosphere platform is slightly lower throughput than traditional monolayer screening studies, as described in osteosarcoma and other cancers [30, 33] . However, benefits of this approach are that it more accurately reflects the in vivo microenvironment, compared with monolayer cultures, and that it requires minimal specialized equipment and training [10, 11, 18] . We also did not directly examine the ability of sarcospheres to mimic the behavior of corresponding microtumors in vivo, although it has been shown in multiple nonsarcoma [5, 10, 11, 18, 21] and sarcoma spheroid models [2, 8, 27] . Another limitation is that this platform uses osteosarcoma cell lines without the inclusion of primary-derived cancer or stromal cells, which some advocate more accurately represent the in vivo microenvironment. Although likely true, these additions come at the cost of decreased throughput with an unclear marginal benefit in efficacy for the purpose of drug screening. This platform therefore represents an intermediate between monolayer and in vivo models. An additional limitation is that cell viability was assessed indirectly by resazurin reduction and sarcosphere volume. Direct measurement is possible after sarcosphere disassociation, live cell staining, and counting by flow cytometry, but it is time-intensive and previously shown to be directly related to volume in other cancers [12] .
Sarcosphere diameter and growth were dependent on the number of cells seeded and cell type. This finding Values are mean 6 SD. *1 > Z9 $ 0.5 indicates an "excellent assay" [34] .
supports similar results in epithelial spheroids to suggest that diffusion gradients limit growth as spheroids increase in size [7] . Although this method can produce sarcospheres with diameters of 200 to 800 mm, the therapeutically relevant size for analysis has been shown to be 300 to 500 mm [7] . This ensures that pathophysiologic gradients of oxygen and nutrients are present, along with a core of hypoxic quiescent cells, thought to be responsible for the increased chemo-and radioresistance of spheroids and solid tumors [12] . Growth was highly related to cell line, reflecting known heterogeneity in growth rates and genetics among osteosarcoma cell lines, which parallels the heterogeneity seen in patients with osteosarcoma and may have important implications for response to chemotherapy.
Accurate measurement of sarcosphere viability occurred after resazurin incubation for 6 hours, without EDTA, and was directly related to sarcosphere volume and the number of cells seeded. A previous study [32] showed that epithelial-based spheroids required EDTA-mediated permeabilization to accurately measure resazurin reduction. However, EDTA did not show an effect in our mesenchymal model, which may be explained by the absence of intercellular epithelial tight junctions. Ivanov et al. [12] explored the relationship between viable cells in neurospheres, measured by dissociation and cell counts, and neurosphere volume to determine that volume was an excellent predictor for the number of viable cells in healthy spheroids. They recommended that volume be used as correlate clinical disease status with growth: 0% to 100 % (above the x-axis) represents an increase in the number of viable cells from Days 0 to 2 (progression of disease); -100% to 0% (below x-axis represents a decrease (regression of disease); while 0% (along the x-axis) represents no change (stable disease). Dashed lines and arrow (A) depict the location of the GIC 50 for resazurin reduction, which is provided for each cell type and treatment. 143B cells were treated with (A) methotrexate, (B) doxorubicin, and (C) cisplatin. MG-63.3 cells were similarly treated with (D) methotrexate, (E) doxorubicin, and (F) cisplatin. Finally, LM7 cells were treated with (G) methotrexate, (H) doxorubicin, and (I) cisplatin. LM7 volume (not shown) did not change in control or treatment groups.
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Osteosarcoma Drug Screening Platform 1407 a reference method for cytotoxicity assays in spheroid models. Our current study confirmed that volume is directly related to resazurin reduction in mitochondria of healthy sarcospheres. However, after drug treatment, volume measurement is limited by the persistence of nonviable cellular debris. This finding suggests that resazurin reduction provides a more accurate representation of cell viability in the setting of cytotoxic drug therapy. Sarcosphere uniformity met conventional drug screening benchmarks. The previously described Z9 factor [34] , a statistical measure reflective of the assay signal dynamic range and variability, provides a measure of overall quality for high-throughput screening assays. The Z' factor threshold for an "excellent" assay was met in the current study for volume and resazurin reduction across all cell lines. These findings assert that this sarcosphere platform is appropriate for drug screening applications, as shown for spheroid-based models in other cancers [9, 10] . Previous osteosarcoma drug screening studies, although limited, have focused on monolayer cultures and in vivo murine xenografts [28, 33] . Rimann et al. [27] explored 3-D osteosarcoma microtissues produced by a hanging drop method in comparison to the centrifugation-based method presented here. In their study, they showed relative chemoresistance of 3-D tissues compared with monolayer but did not provide detailed growth or uniformity analysis required before drug screening applications.
Finally, response to MAP therapy was cell line and culture model-dependent. MG-63.3 and LM7 sarcospheres showed striking resistance to methotrexate (greater than 2000-fold) compared with 143B sarcospheres. Prior studies have shown the ability of MG-63 and SaOS-2 subclones, parental cell lines for MG-63.3 and LM7, respectively, to upregulate dihydrofolate reductase and explain in part the observed chemoresistance [3, 29] . Another explanation may be that the slower-growing cell lines, MG-63.3 and LM7, are not as sensitive to the antimetabolite methotrexate, which disrupts the folate synthesis pathway, because of relatively low cellular turnover. In contrast, doxorubicin and cisplatin invoke widespread DNA damage regardless of metabolic demand. Interestingly, the methotrexate resistance of MG-63.3 sarcospheres was abolished by growth in the monolayer, suggesting that 3-D culture leads to increased chemoresistance in these cells. Previous studies, as mentioned, have identified chemoresistance in spheroid models, which better correlate with the in vivo response to chemotherapy [10, 11, 18, 27] . It recently was suggested that this phenomenon may be attributable in part to a shift in metabolic phenotype when cells are cultured in 3-D models, which leads to elevated multidrug resistance transport capacity [20] . Overall these findings reflect the known patient-to-patient heterogeneity in osteosarcoma and underscore the importance of evaluating multiple tumor models in osteosarcoma research. They also serve as a proof of concept for drug screening using the sarcosphere platform. Future application of this technique to patientderived tumors offers an intriguing pathway to identify personalized and effective agents to combat chemoresistance in osteosarcoma.
In this laboratory study, we developed and validated a three-dimensional in vitro drug screening platform for osteosarcoma requiring only standard cell culture equipment. This study also highlights heterogeneity in highly metastatic osteosarcoma cell lines by showing differences in growth rates and susceptibility to MAP therapy. Future efforts will apply this platform to screen existing drug libraries to identify and prioritize promising drugs for in vivo analysis. Expansion of this platform to other osteosarcoma cell lines, particularly those showing drug resistance, and patient biopsy tissue is desirable and would require similar evaluation of sarcosphere growth, seeding density, resazurin response, and sample uniformity to ensure accurate analysis and screening efficacy. The described approach is a promising starting point for drug screening in osteosarcoma because it is tailored to evaluate the progression of micrometastatic disease.
